Summary Calibration of the Granier thermal dissipation technique for measuring stem sap flow in trees requires determination of the temperature difference (∆T ) between a heated and an unheated probe when sap flow is zero (∆T max ). Classically, ∆T max has been estimated from the maximum predawn ∆T , assuming that sap flow is negligible at nighttime. However, because sap flow may continue during the night, the maximum predawn ∆T value may underestimate the true ∆T max . No alternative method has yet been proposed to estimate ∆T max when sap flow is non-zero at night. A sensitivity analysis is presented showing that errors in ∆T max may amplify through sap flux density computations in Granier's approach, such that small amounts of undetected nighttime sap flow may lead to large diurnal sap flux density errors, hence the need for a correct estimate of ∆T max . By rearranging Granier's original formula, an optimization method to compute ∆T max from simultaneous measurements of diurnal ∆T and micrometeorological variables, without assuming that sap flow is negligible at night, is presented. Some illustrative examples are shown for sap flow measurements carried out on individuals of Erica arborea L., which has needle-like leaves, and Myrica faya Ait., a broadleaf species. We show that, although ∆T max values obtained by the proposed method may be similar in some instances to the ∆T max predicted at night, in general the values differ. The procedure presented has the potential of being applied not only to Granier's method, but to other heat-based sap flow systems that require a zero flow calibration, such as the Èermák et al. (1973) heat balance method and the T-max heat pulse system of Green et al. (2003) .
Introduction
Among methods for estimating whole-tree water demand, the use of heat dissipation and heat balance sensors are affordable and relatively simple techniques (Wullschleger et al. 1998 ). However, one drawback of heat-based sap flow systems, such as the Granier thermal dissipation probe method (TDP), is that they require calibration during a period of zero sap flow (Granier 1985) . A period of zero sap flow is usually assumed to take place at nighttime, and a maximum temperature difference (∆T max ) between a heated and a reference unheated probe is recorded predawn. However, sap flow does not necessarily cease in tree branches and roots at night; thus, estimates of sap flux density based on such a principle may be incorrect. Sap may continue to flow during the night because of water movement for new growth, water redistribution in roots (Sakuratani et al. 1999 , Burgess et al. 2000 and refilling of stem tissue water stores after prolonged drought (Lu et al. 1995 , Goldstein et al. 1998 . Far from being an exception, nighttime sap flow is widespread among species, and ranges from 5 to 30% of daily water loss (Snyder et al. 2003 , Ford et al. 2004 , Ludwig et al. 2006 .
Consequently, some authors have proposed that heat-based sap flow systems should be calibrated when zero flow can be ensured, for example, by severing the xylem conducting tissue (Burgess et al. 2000) or based on the defoliation stage of the tree (Do and Rocheteau 2002a) . The former is a destructive technique, and the latter may be valid only in deciduous trees. Additionally, such methods assume that ∆T max is unique, whereas both seasonal and short-term variations in maximum thermal dissipation during the night have been reported. Although seasonal changes in ∆T max may be a consequence of seasonal variations in wood water content, a sharp change or drift in ∆T max may be a result of nighttime sap flow or water stress Rocheteau 2002a, Lu et al. 2004) . Furthermore, because ∆T max is influenced by wood-probe contact effects, thermal properties (heat conductivity) of the surrounding wood and variability of the components of the sap flow probes, it is a probe-specific black-box parameter, and therefore must be computed independently for each sensor throughout the period of data collection.
The zero flux assumption is not restricted to TDP, but also applies to the heat balance methods of Èermák et al. (1973) and Sakuratani (1981) , and the T-max heat pulse method of Green et al. (2003) . Consequently, some alternatives have been proposed to avoid the problem of nighttime sap flow. Èermák et al. (2004) acknowledged the problem of nighttime flow in their trunk heat balance method, but claimed that errors are small. By contrast, Sakuratani et al. (1999) reported a tech-nique to calculate the coefficient of the heat flow sensing element (the so-called sheath conductance) from constant power heat balance gauges, without the need for zero flow during night. Green et al. (2003) adopted a 7-day average predawn value, to ensure the required zero sap flow condition necessary to calculate the thermal diffusivity. Lu et al. (2004) have recently reviewed a double regression procedure to overcome the problem of nighttime sap flow with the Granier TDP method (see also Granier 1987) . This approach has found limited use, but its accuracy has not been compared with alternative methods and it has not yet been demonstrated that the double regression procedure yields the true ∆T max if, for example, there are seasonal changes in nighttime flow. The choice of a required 7-10 day interval during which the true ∆T max is presumably achieved is also a drawback of such a regression method, because of the subjectivity in the selected period length and because it requires that, for an interpolation to be possible, the true ∆T max must be found during several nights within that interval. Tatarinov et al. (2005) have shown that, for needle type probes in the Granier system, the ratio of the temperature differences between the heated and the unheated probe inserted in the tree trunk (∆T ) has high sensitivity to the heat conductivity of wood. Because ∆T max depends on wood heat conductivity (0.15 to 0.40 W m -1 K -1 ; Steinhagen 1977), changes in wood water content are expected to produce significant variations in ∆T max . The scenario is further complicated because, as we show in our study, Granier's formula is sensitive to the choice of ∆T max , so that undetected small amounts of sap flow during the night may lead to large errors in sap flux density computations.
The main objective of this paper is to describe an alternative technique to compute ∆T max from concurrent measurements of ∆T and micrometeorological variables during daylight hours, without the constraint of a nighttime zero flow. The method makes use of optimization techniques and a restatement of Granier's original formula. Some illustrative examples are shown for sap flow measurements carried out on individuals of a broadleaf species, Myrica faya Ait., and a coniferous tree species, Erica arborea L. The measurements demonstrate that the ∆T max value obtained from diurnal measurements may coincide in some instances with the ∆T max predicted at night, but that in general the values differ.
Materials and methods

An alternative method for estimating ∆T max
An empirical relationship between sap flux density, v (kg m -2 s -1 ) and ∆T was originally obtained by Granier (1985) as:
where α = 0.119 kg m -2 s -1 and β = 1.231 are empirical parameters, and K is the dimensionless flow index given by K = ∆T max / ∆T -1 (for ∆T max ≥ ∆T ), such that, for zero sap flow periods, ∆T = ∆T max . Volumetric flux (Q SF ) or tree transpiration (kg s -1 ) is obtained from integration of Equation 1 across trunk radial increments (dr) within the conducting sapwood radial interval (r h , r x ) as:
where v i is the sap flux density at radial depth i. Polynomial functions are usually fitted to v i (r) measurements, such that an analytical expression of the integral in Equation 2 may be obtained. This renders Q SF as v times a multiplication factor, which is a combination of the coefficients in the fitted polynomial and the radii (r; m) at the heartwood (r h ) and the cambium, (r x ). The Q SF values at the tree level may be extrapolated to the stand by means of a botanical inventory and scaling with an appropriate biometric parameter, such as diameter at breast height (DBH) or basal area (Èermák et al. 2004 ). Based on the relationship between potential evapotranspiration (ET p ; mm) and actual transpiration estimated from sap flow readings, we propose the following alternative method for estimating ∆T max . Estimates of ET p may be derived from micrometeorological measurements (Penman-Monteith, eddy covariance, Bowen ratio) or a water balance approach (e.g., weighing lysimeter). A proportionality law is thus derived from Equation 1, such that:
where the constant B in Equation 3 is considered as a dummy parameter that comprises the multiplication factor resulting from Equation 2, a biometric scaling index (see above) and an appropriate unit conversion factor. It is reasonable to assume that, on a daily basis, changes in soil water content are negligible. Hence, B also accounts for the weighting of soil water potential on ET p . This is not a drawback of the method proposed, because different strategies are available to include the effect of soil water status in the weighting of ET p (Stewart 1988 , Noilhan and Planton 1989 , Lhomme et al. 1998 , Hübener 2004 ). In our case, water content measurements were available for the 15-and 30-cm depths but not for the whole soil profile (1.2 m) affected by the root system, and so this last possibility was not considered. At first glance, optimization of Equation 3 may yield the values of B and ∆T max from time measurements of ∆T and ET p . Disappointingly, rearranging the terms in Equation 3 as:
shows that B and ∆T max are highly correlated. Hence, the optimization of parameters in Equation 4 cannot guarantee that the fitted B and ∆T max are correctly identified. Although transforming Equation 3 by scaling variables between minimum and maximum values as: should render a straight line, which crosses the OY axis at ∆T max -1 :
It is convenient to use only diurnal values for such a plot, because high uncertainty is expected in nighttime sap flow data and also because nighttime values would contribute a scattered data cloud near the origin, thus biasing the fitting. Together with diurnal values, the maximum ∆T at night can be included for estimating ∆T max by linear regression. In this case, a robust fitting is suggested to down-weight outliers. The method proposed does not rely on a correct value of Granier's empirical parameter α, because it is already included in (α β B)
.
Also, if a correct value of β were required, one could try to find a suitable power transformation that linearizes the ∆T -1 versus ET p β -1 data, such that a suitable parameter α may be found for the species investigated.
A further hypothesis is that Equation 6 will not be fulfilled at all times during the day, but that tree transpiration and ET p desynchronize at some stages. Lag effects between sap flow and, for example, solar radiation or vapor pressure deficit have been reported previously. Time lags associated with long-distance water transport in the stem and the use of stored water in the sapwood result in asynchrony between basal stem flow and canopy transpiration (Ford et al. 2004 ) data points that satisfy (with a specified tolerance) the proportionality law introduced in Equation 3 are selected by inverse optimization of Equation 5. In our case, this step was performed with a trust-region algorithm (Conn et al. 2000) , which is a nonlinear least square method that is more efficient than the Levenberg Marquardt optimization algorithm and others that are commonly used. The method is summarized in Figure 1 .
Description of the Granier sap flow system used
Measuring sap flow by the Granier TDP method (1985 , 1987 is based on the implantation of two cylindrical needle-like TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ZERO FLOW ∆T ESTIMATION FOR GRANIER TDP 1095 Figure 1 . Sketch summarizing the steps carried out in the method proposed to estimate ∆T max . Abbreviations: ET P * , transformed diurnal potential evapotranspiration; v*, transformed diurnal sap flux density; ∆T, temperature difference between a heated and an unheated probe; and β, dimensionless empirical parameter = 1.231.
probes (L = 20 mm, ∅ = 2 mm; Up GmbH, Cottbus, Germany). The upper probe is continuously heated with a 34.5 Ω (120 mA) resistor, whereas the lower probe is unheated and the resulting temperature difference is measured with copper constantan (T-type) thermocouples (Seebeck coefficient 40µV°C -1 ; relative accuracy 0.1°C). A parallel resistor is added inside the plug to reduce the current flowing through the sensor to 80 mA. Several centimeters of the heating wire are outside the heating zone, thus the heating resistance must be reduced by about 5.5 Ω, such that the heating power results in (0.080A) 2 (34.5 -5.5) Ω = 0.186 W. Because of variation in heating wire and heat production, the real heating power is 2-10% higher than the claimed value of 186 mW (Up GmbH, personal communication), but still close to the original value in Granier's design (200 mW). Granier (1985) found that empirical coefficients in Equation 1 may depend on the heating power used. A calibration is unavailable from Up GmbH for their SFS-2 Granier-type sap flow system; however, Do and Rocheteau (2002b) 2002b) . We did not carry out a specific calibration for the sap flow system in Erica arborea and Myrica faya, because it is not required for the method proposed.
Field installation of the sap flow system
To illustrate the alternative method, we have applied it to measurements obtained with Erica arborea and Myrica faya trees located in a plot at 1270 m a.s.l. in a 43.7-ha watershed in the Garajonay National Park, La Gomera, Canary Islands (Ritter et al. 2005) . The forest vegetation present in the plot is locally known as fayal-brezal, which is drought-adapted vegetation usually located at hill crests and on upper hill slopes (Golubic 2001) . Erica arborea and M. faya tree species are characterized by an active outer ring of conducting xylem, whereas half of the inner stem is nonconducting (Jiménez et al. 2000) . On the north side of four 10-m-high trees, probe couples were inserted radially at 1.3-m height into the outer 20 mm of the stem (excluding the bark) with a 10-cm vertical distance between probes. After insertion, the drilled holes were sealed with insulating silicone, and the trunk measuring area protected from solar radiation with an aluminum deflector. Probes were connected to a Combilog data logger (Up GmbH, Cottbus, Germany) and signals recorded every 15 min.
Potential evapotranspiration
Estimates of ET p were obtained from micrometeorological readings by the Penman-Monteith approach (Allen et al. 1998 (Allen et al. , 2006 . Temperature and relative humidity (HMP45C thermohygrometer, Campbell Scientific Ltd., Lougborough, U.K.), global radiation (SKS 1110 pyranometer, Skye Instruments Ltd., Powys, U.K.) and wind velocity (A100R anemometer, Campbell Scientific Ltd.) and direction (W200P wind vane, Campbell Scientific Ltd.) data were collected with a 3-min sampling frequency, and 15-min mean values were stored with a Up GmbH Combilog data logger. Sensors were installed above the stand on a 15-m-high scaffolding tower. Heights for wind speed measurements, and for temperature and humidity measurements were 13 and 12 m, respectively. Additionally, two Time Domain Reflectometry (TDR) probes (Trime-EZ, Imko GmbH, Ettlingen, Germany) were inserted at 0.15-and 0.30-m soil depths to monitor soil water content in the Ah horizon. The soil profile at the experimental site consists of a 4.5 cm leaf litter layer, followed by a 3-cm-deep hydrophobic organic horizon and a 1.2 m loam to silt-loam mineral horizon enriched with organic matter and exhibiting roots down to 1.15-m depth (Thissen 2001) . A TDR soil-specific calibration was used following Regalado et al. (2006) .
The ET p values were computed with the following parameters. The albedo was taken as 0.14 (Aschan 1998), which is close to the value of 0.11 proposed by Matthews (1984) for evergreen subtropical forests. The active leaf area index was calculated from Golubic (2001) and reduced by a shelter factor of 1.25 (Dingman 2002) . The aerodynamic resistance was computed following Allen et al. (1998) with the expression derived from turbulent transfers and assuming a logarithmic wind profile. The canopy surface resistance (r c ) was considered to vary with stomatal response to environmental factors. According to Jarvis (1976) and Stewart (1988) , leaf stomatal resistance (r s,min ≤ r s ≤ r s,max ) can be estimated as the product of the minimum resistance, r s,min (i.e., maximum conductance), corresponding to optimal conditions, and the various stress functions that vary with temperature, relative humidity, global radiation and leaf water potential (and thus also soil water potential). Following Lhomme et al. (1998) , to compute the potential evapotranspiration one may consider a surface resistance that depends on temperature and radiation, such that: ( )
where LAI act is active leaf area index, T is air temperature (°C), R is global solar radiation with R max = 1300 Wm -2 and k is a shape parameter. A value of k = 55 was derived by comparing the Dickinson (1984) versus Stewart (1988) approach. A value of r s,min = 176 s m -1 was taken from the maximum stomatal conductance reported by Tognetti et al. (2000) for Erica arborea, and for Myrica faya, r s,min = 91 s m -1 was used (González-Rodríguez 1998). For R = 0, leaf stomatal resistance equals r s,max = 4100 s m -1 .
Software development
The method was implemented in a user-friendly computer program FITDTMAX, which performs the steps illustrated in Figure 1 . FITDTMAX uses the Penman-Monteith method and Granier's formula to calculate ∆T max from simultaneous measurements of micrometeorological variables and ∆T data ob-tained with thermal dissipation sap flow probes. The software requires air temperature, relative humidity, solar radiation, wind speed, ∆T time series, the maximum ∆T peak at nighttime (∆T night ) and the parameters for the Penman-Monteith approach. A numerical and graphical output is provided for the comparison between the computed ∆T max and ∆T night . FITDT-MAX is available at http://www.icia.es/gh/software.html.
Results and discussion
Sensitivity analysis
To quantify how uncertainties in the prediction of the "true" ∆T max , due to either measurement errors or as a consequence of an undetected nighttime sap flow, may affect sap flow computations with Granier's formula (Equation 1), a sensitivity analysis was carried out. First, by inverting Equation 1 such that ∆T max = ∆T max (v):
we can investigate how changes in v may affect the determination of ∆T max . Figure 2A shows how small values of undetected sap flow at night lead to significant changes in ∆T max . Thus, for example, a low night sap flow of 0.007 kg m -2 s -1 yields a 10% change in ∆T max . Second, Figure 2B shows the results of a sensitivity analysis for Granier's formula (Equation 1) to variations in ∆T max for different flow indices (K ). For the sensitivity analysis, ∆T max is varied from 10 to -10% in ±1% increments, and the relative change in sap flux density (the difference between v and its initial value) is computed with Equation 1 for different values of K. Sensitivity curves are not strictly symmetric but almost so. In general, errors in the assumed nighttime flow are amplified such that an undetected nighttime sap flow of 0.007 kg m -2 s -1 (-10% change in ∆T max ) leads to relative changes of, for example, 0.016 kg m -2 s -1 in sap flow values when K = 0.4. As K increases, variation in ∆T max has a greater effect on the computed sap flux density. For example, a 10% variation in ∆T max can lead to an underestimation of 0.041 kg m -2 s -1 for large flows (K = 1.5) ( Figure  2B ). Additionally, as sap flow increases, the precision of Equation 1 decreases (Tatarinov et al. 2005) . Errors correspond to each single measurement, and are cumulative across the day and along the measurement period. For example, assuming a mean hourly K = 0.4, an undetected nighttime sap flow 0.007 kg m -2 s -1 would lead to an hourly diurnal underestimation of about 61 dm 3 m -2 of conductive xylem. For low K values, absolute errors are small, although in relative terms, a 10% variation in ∆T max yields a change of about 1800% in v for K = 0.05 (results not shown). Diurnal sap flow computations are not exempt from error even in the case of zero nighttime sap flow. Reported relative accuracy of copper-constantan (T-type) thermocouples used in TDP is generally 0.1°C, i.e., for ∆T = 10°C, a 1% error may be assumed for the peak nighttime ∆T max . Accordingly, this implies relative errors of 6 × 10 -4 -40 × 10 -4 kg m -2 s -1 in v point measurements for K values ranging from 0.05 to 1.5 ( Figure 2B ).
Practical application of the method
We applied the method to measurements made on trees of Erica arborea and Myrica faya under different soil water content conditions (Table 1) . For this purpose, the proposed method was implemented in a computer program to carry out data handling and computations automatically. dashed line in the left-hand-side graphs of Figures 3 and 4 ; < 0.10) from the linear plot, because we expected larger uncertainty in those cases (Becker 1998 , Perämäki et al. 2001 , Green et al. 2003 . By contrast, the maximum ∆T at night (∆T night ) was included (marked with a star in Figures 3 and 4 , right-hand-side graphs) and a robust fitting was carried out to dampen its contribution. In general, goodness-of-fit was high ( r 2 ≥ 0.98, P < 0.01). Figure 3 (lower panel) shows an example where ∆T night and the ∆T max predicted by the regression method (ᮀ) agree (17.3°C). This example validates the potential of the proposed method to predict ∆T max from the diurnal ∆T trend. However, in general, ∆T night and ∆T max are different (Figures 3 and 4) . In some cases, differences may seem negligible but, as was earlier shown, a departure as low as 1-2% from the "true" ∆T max may have a significant effect on cumulative daily sap flow (Table 1). The question now arises as to which of these estimates, the ∆T night or the ∆T max obtained from Equation 6, is more reliable. Notice that the ∆T night is determined from a peak ∆T maximum, thus if nightly sap flow is present this would be undetected, and consequently ∆T max would be erroneous. Additionally, nighttime records are usually noisier, with a lower signal to noise ratio, and thus the ∆T night will be more prone to errors, especially if determined as a single maximum ∆T value and not as a nighttime mean. By contrast, the ∆T max predicted from the proposed method results from the linear trend of ∆T -1 versus ET p β -1 optimized during daylight hours. In the optimization procedure, the predicted ∆T max is unaffected by the presumed nighttime sap flow, and the quality of the probe couple signal is higher, with minimal error. Two further reasons support the validity of the proposed technique. First, the ∆T max is the consequence of a linear trend detected during daylight hours. That this trend will extend back to the predawn hours is, therefore, to be expected. This is in a sense what the ∆T max computed as a peak night value also assumes, i.e., that the wood thermal conditions prevailing at predawn apply during the following daylight hours. Second, if the wood thermal properties change on a daily (or even shorter) time scale, it would then be more accurate to compute ∆T max from diurnal rather than nighttime ∆T data, because the contribution to cumulative daily transpiration comes mainly from daylight sap flow and, therefore, the daylight trend will be more representative of diurnal wood thermal conditions.
Application to other heat-based sap flow systems
Although originally developed for Granier's formula, the method described here could be applied to other heat-based sap flow systems requiring a zero flow calibration. For the Èermák et al. (1973) heat balance method, for example, instead of Equation 6 we would have:
where m = c w x h /BP and b = c w x h κ/P for known values of c w (specific heat of water), x h (width of the heated volume) and P (power input). Thus, the constant κ, usually estimated under zero flow conditions, may be computed from the OY crossing point of the line (Equation 9) fitted to the diurnal ET p , T -1 data pairs, i.e., κ = bP/c w x h . Granier's formula and the Èermák et al. (1973) model are both of the hyperbolic type and fitted closely simulated data for needle, plate and volume heating configurations (Tatarinov et al. 2005) . This means that the generality of the proposed method is promising.
When the proposed approach is applied to the T-max heat pulse method of Green et al. (2003) , instead of Equation 6 we would obtain the following quadratic dependence in the ET p 2 , t M -1 plane: , one may determine the required calibrating thermal diffusivity, κ.
Conclusions
An optimization procedure has been developed that permits computation of ∆T max for Granier's thermal dissipation technique, without the restriction of zero nighttime sap flow. A slight modification of the proposed approach would be sufficient for its application in other heat-based sap flow systems, which require a zero sap flow point calibration. From a practical point of view, data logger storage capacity and energy savings will be greatly increased with this method because, in principle, only daylight hour data are necessary. This is impor-1098 REGALADO AND RITTER TREE PHYSIOLOGY VOLUME 27, 2007 tant where remote systems demand a high power input. Further work is aimed to optimize the data sampling frequency necessary to detect possible changes in ∆T max during the day.
